We employ connected nanoparticle catalysts with a porous, hollow capsule structure as carbon-free electrocatalysts for the cathode in polymer electrolyte fuel cells (PEFCs) or proton exchange membrane fuel cells (PEMFCs). The catalysts consist of fused ordered alloy platinum-iron (Pt-Fe) nanoparticles. This unique beaded network structure enables surprisingly high activity for the oxygen reduction reaction, 9 times that of the state-of-the-art commercial catalyst. Because the connected nanoparticle catalysts are formed without sacrificing the high surface area of the nanoparticles and can conduct electrons, the catalysts show good performance in an actual PEMFC without a carbon support. Moreover, the elimination of carbon intrinsically solves the problem of carbon corrosion. Thus, the connected nanoparticle catalysts with a unique structure are a significant advancement over conventional electrode catalysts and will lead to an ultimate solution for PEMFC cathodes.
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We employ connected nanoparticle catalysts with a porous, hollow capsule structure as carbon-free electrocatalysts for the cathode in polymer electrolyte fuel cells (PEFCs) or proton exchange membrane fuel cells (PEMFCs). The catalysts consist of fused ordered alloy platinum-iron (Pt-Fe) nanoparticles. This unique beaded network structure enables surprisingly high activity for the oxygen reduction reaction, 9 times that of the state-of-the-art commercial catalyst. Because the connected nanoparticle catalysts are formed without sacrificing the high surface area of the nanoparticles and can conduct electrons, the catalysts show good performance in an actual PEMFC without a carbon support. Moreover, the elimination of carbon intrinsically solves the problem of carbon corrosion. Thus, the connected nanoparticle catalysts with a unique structure are a significant advancement over conventional electrode catalysts and will lead to an ultimate solution for PEMFC cathodes.
To make fuel cell vehicles more affordable and popular, improvement of durability and reduction of costs are necessary, 1-5 especially by improving the activity, durability and mass transport of the cathode. 4, 5 Because of its low activity, a high platinum loading (B50 g Pt per vehicle 5 ) is required in conventional fuel cell vehicles. Conversely, conventional cars also use Pt group metals (PGMs) to purify exhaust gases. The average quantity of PGMs used in a conventional car is estimated to be B4 g. 6, 7 Thus, a reduction in the quantity of Pt used in PEMFCs to one tenth or a ten-fold increase in the activity of Pt could address the difficulties associated with Pt use in PEMFCs. Degradation of Pt-based catalysts and carbon supports in PEMFCs is another issue. Pt-based nanoparticles themselves degrade during PEMFC operation. Recently reported nanostructured catalysts supported on a high surface area carbon succeeded in achieving high activity and high stability as the catalysts themselves. [8] [9] [10] The other degradation mode of the cathode in PEMFCs is carbon corrosion that mainly occurs during start-stop operation. 2, [11] [12] [13] Carbon corrosion occurs when hydrogen and oxygen co-exist in the anode, which makes the cathode potential as high as 1.5 V due to a so-called carbon corrosion. 11, 12 Present fuel cell vehicles implement specific procedures on the system level to eliminate the situation where a high voltage is applied to the cathode. 2 If the problem of carbon corrosion is solved on the material level,
Broader context
Connected nanoparticle catalysts with much higher activity than that of conventional nanoparticle catalysts will open up a new research area in catalysts for energy and environmental science. We employed the connected nanoparticle catalysts for an oxygen reduction reaction in PEMFCs, which are one of the key devices for next-generation hydrogen energy systems because of their high energy conversion efficiency, even at low temperatures. Fuel cell vehicles based on PEMFCs have been widely developed by many car manufacturers because of their high cruising range and low refueling time. [1] [2] [3] However, the amount of Pt and the durability of the cathode catalyst are still important problems to be solved in PEMFCs; the amount of Pt used in fuel cell vehicles is approximately ten times higher than that of Pt group metals for exhaust gas catalysts used in the conventional cars. The connected nanoparticle catalysts exhibit sufficiently high activity that minimises the amount of Pt to the level of that of conventional cars. Another important issue, carbon corrosion during the start-stop of PEMFCs, is addressed by the elimination of carbon; the new catalyst is stable under the conditions of the startstop durability test, which are known to drastically degrade conventional catalysts. Thus, the connected nanoparticle catalysts achieve both high activity and durability.
the control system can be simplified and the robustness of the system can be increased. A possible way to intrinsically solve the problem of carbon corrosion is to employ an unsupported catalyst. Carbon-free nanostructured catalysts have been recently attracting attention as promising cathode catalysts. [14] [15] [16] [17] [18] [19] In addition to the tolerance to the conditions that accelerate carbon corrosion, carbon-free catalysts enable the formation of thinner electrodes than a conventional PEMFC electrode, a large portion of which is occupied by the carbon support, and a thinner electrode is advantageous for mass transport of oxygen. 18, 19 Here, we employ connected Pt-Fe nanoparticle catalysts with a porous, hollow capsule structure as a cathode catalyst in PEMFCs for the first time. Because the fused Pt-Fe network structure is formed without sacrificing the high surface area of the nanoparticles and is expected to conduct electrons through the capsules without any support, the catalysts can act as carbonfree electrocatalysts. Considering that the bulk or extended surfaces exhibit much higher activities than conventional nanosized catalysts, 15,20-23 the connected catalysts have the potential to exhibit high activity. In addition, the connected Pt-Fe catalysts intrinsically address the carbon corrosion problem and enable the formation of a thin electrode. Thus, the connected Pt-Fe catalysts could solve all problems regarding the PEMFC cathode, namely, activity, durability and mass transport, as schematically shown in the ESI, † Fig. S1 .
The connected Pt-Fe catalysts were synthesized via supercritical treatment of Pt-Fe nanoparticles formed on surface-modified silica particles, followed by dissolution of the silica particles in sodium hydroxide. 24, 25 The details of the experimental procedures are described in the Experimental section in the ESI. † Fig. 1(a) shows transmission electron microscopy (TEM) images of the connected Pt-Fe catalysts. Thermally fused Pt-Fe nanoparticles formed a Pt-Fe network structure with a shell thickness and pore size of B10 nm. The X-ray diffraction (XRD) pattern of the catalyst (Fig. S2 , ESI †) revealed the formation of a chemically ordered L1 0 structure and the absence of other impurities such as iron oxides. Catalysts with L1 0 or L1 2 structures have recently been reported to exhibit both higher activity and durability compared with disordered alloys. [26] [27] [28] [29] [30] [31] [32] The crystallite size of the connected Pt-Fe catalysts calculated using the Scherrer equation was approximately 6-7 nm. The Pt/Fe molar ratio of the connected Pt-Fe catalysts as determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was 0.94 AE 0.04, which is close to the feed ratio. Furthermore, the Fe and Pt atoms were evenly distributed in the as-synthesized samples ( Fig. 1(b) ) using energy dispersive X-ray (EDX) line-scan analysis. After electrochemical pre-treatment ( Fig. 1(c) ), the Fe atoms near the surface dissolved and the Pt content near the surface was enriched.
The oxygen reduction reaction activity of the connected Pt-Fe catalysts was evaluated in an acidic solution. Fig. 2 shows cyclic voltammograms (CVs) (a) and polarization curves (b) of the connected Pt-Fe catalysts after electrochemical pre-treatment and a state-of-the-art commercial Pt/C catalyst supplied by Tanaka Kikinzoku Kogyo (TEC10E50E with 45.8 wt% Pt). The electrochemical surface areas (ECSAs) and mass activities of the catalysts at 0.9 V were calculated from the curves measured in 0.1 M HClO 4 (Fig. 2(c) ). Then, surface-area-specific activities of the catalysts (hereafter simply denoted as specific activities), which reflect their intrinsic catalytic performance, were calculated by dividing the mass activity by the ECSAs (Fig. 2(d) ). For comparison, the specific activity of Pt-Fe nanoparticles with an ordered L1 0 structure supported on carbon black (Pt-Fe/C) is also shown. The specific activity of the commercial catalyst was 0.27 AE 0.04 mA cm Pt À2 , which was within the range of reported values for commercial Pt/C catalysts. 15, 20 The connected Pt-Fe catalysts surprisingly exhibited a much higher specific activity of 2.3 AE 0.2 mA cm Pt À2 . The total improvement factor or the ratio of the specific activity of the connected Pt-Fe catalysts to that of the commercial Pt/C was B9. The specific activity of the connected Pt-Fe catalysts is even higher than that of Pt-Fe/C, implying that the alloying with Fe cannot solely explain the reason for the improvement, although the alloying does increase the activity due to changes in the Pt-Pt distance and electronic structure. Another possible reason for the improvement is the change in the structure and surface composition of the catalyst by the formation of the beaded network structure. The connected structure may resemble, to some extent, that of the bulk or extended surface.
MEA was then fabricated using the connected Pt-Fe catalysts as the cathode catalyst. Cross-sectional SEM images of the MEA are shown in Fig. 3(a) and (b) . When the Pt loading in the cathode was 0.3 mg cm À2 , which is the standard quantity used in conventional electrodes, the thickness of the electrode was 1-1.5 mm, as shown in the left-side electrode in Fig. 3(a) and (b). This value was nearly one-fifth that of a conventional electrode 
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(5-10 mm), a typical example of which is the right-side electrode in Fig. 3(b) : the anode composed of commercial Pt/C with a Pt loading of 0.2 mg cm À2 , resulting in a thickness of 5-6 mm. This decrease in thickness can be ascribed to the exclusion of the carbon support. Next, the cell performance was evaluated. A current-voltage curve was successfully obtained (Fig. 3(c) ), which suggests that the connected Pt-Fe catalysts can conduct electrons through the cathode catalyst layer without a carbon support. The connected Pt-Fe catalysts formed a beaded network structure without sacrificing their high surface area, and thus showed good performance even in the MEA. The ECSA in the MEA calculated from the CV data ( Fig. S3 and S4, ESI †) was 14 m 2 g À1 . The catalyst utilization ratio calculated by dividing the ECSA in the MEA by that measured in acidic solution (Fig. 2(c) ) was around 60%. Considering that the catalyst utilization ratios of conventional catalysts were 80-90%, 5 triple phase boundaries were well formed in the MEA containing the connected Pt-Fe catalysts. However, due to a slightly larger crystallite size of 6-7 nm, the ECSA of the connected Pt-Fe catalysts was lower than that of the commercial Pt/C, and thus, the net surface area of Pt in the MEA was lower when the Pt loading was set to be the same. The lower surface area of the connected Pt-Fe catalysts can be improved by the decrease in the crystallite size. Turning now to the open circuit voltage (OCV) of the MEA, the value was around 0.91 V, which is slightly lower than that of a conventional MEA, around 1.0 V. However, some literature on Pt-based alloys also reported lower OCV, around 0.95 V. 33, 34 The hydrogen crossover current density measured under OCV was 1.5 mA cm À2 , which is similar to the reported values of conventional standard MEAs, 35 and thus not the reason for the low OCV. Then, the durability of the connected Pt-Fe catalysts in the MEA, particularly the effect of eliminating the carbon support, was evaluated using a start-stop durability testing protocol recommended by the Fuel Cell Commercialization Conference of Japan (FCCJ), which mainly accelerates carbon corrosion. 12, 13 The cell performance of the MEA containing the connected Pt-Fe catalysts did not change before and after the durability test, as shown in Fig. 3(c) . The changes in the ECSAs are shown in Fig. 3(d) . The ECSA of the conventional commercial Pt/C decreased to less than 50% after 4000 cycles. 35 The rapid decrease in the ECSA of conventional Pt/C catalysts was reported to be due to the carbon corrosion. 12, 13 In contrast, the ECSA of the connected Pt-Fe catalysts remained unchanged, even after 10 000 cycles. The retention of the ECSA suggests that the structure of the connected Pt-Fe catalysts was also retained during the durability cycles, which is supported by the TEM images of the catalysts obtained after 10 000 cycles (Fig. S5 , ESI †). Considering that the ten-year-life of fuel cell vehicles corresponds to 60 000 cycles of the durability test, 12 the retention of the ECSA of the connected Pt-Fe catalysts after 10 000 cycles is promising and thus the catalysts are worth further investigation. EDX-line scans of the connected Pt-Fe catalysts after the start-stop durability test ( Fig. 3(e) ) revealed that the dissolution of Fe occurred to some extent. Another durability testing protocol, a load-cycle durability test performed in 0.1 M HClO 4 at 60 1C (Fig. S6, ESI †) , also revealed the decrease in the performance of the catalysts. These results suggest that the dissolution of Fe should be addressed in the connected Pt-Fe catalysts. Previous studies about nanoparticle catalysts supported on carbon show that the increase in the degree of ordered structure 29 and the synergistic effects of Cu and the ordered structure 32 can suppress the dissolution of Fe and improve the durability of nanoparticle catalysts. These improvements can be applied to the connected nanoparticle catalysts, which will be a topic of future studies. The connected nanoparticle catalysts with high surface areas showed much higher activity and durability than conventional nanoparticle catalysts supported on carbon, and thus, a new research area in catalysts will unfold.
Conclusions
Unique connected Pt-Fe nanoparticle catalysts with a beaded network structure were shown to be promising as a cathode catalyst in PEMFCs. The connected Pt-Fe catalysts showed surprisingly high surface-area-specific activity in solution, 9 times that of the state-of-the-art commercial catalyst, because of the formation of a network structure and good performance in an actual PEMFC, namely in an MEA. The carbon-free connected catalysts enabled the formation of a thin cathode with a thickness of 1-1.5 mm, nearly one-fifth that of a conventional electrode. The elimination of the carbon support in the catalyst layer resulted in high durability during start-stop durability tests, which are known to drastically degrade conventional catalysts. Further investigations should be performed to elucidate the reasons for the high activity. Considering that the network structure of the fused metal catalysts can be formed on templates with various shapes, we can now freely design the optimal cathode structure for the mass transport of oxygen and protons and for water management. The commercial Pt/C data are cited from a previous report. 35 (e) EDX line-scans of the connected Pt-Fe catalysts after 10 000 cycles of the start-stop durability test.
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